Nitrogen-vacancy (N V − ) defects embedded in nanodiamond have attracted attention for their useful photonic and spin properties, and their exceptional photo-stability.
plications usually require that the selected NDs include a colour centre, an optically active defect in the diamond lattice; the most commonly desirable of which is a negatively charged nitrogen-vacancy (N V − ) defect. N V − centres can be fabricated in ND by ion bombardment to create defects that, followed by annealing, allow the colour centre to form by a diffusive process. The resultant defect is an extremely photostable emission centre that acts as a single photon emitter displaying quantum behaviour up to room temperature. 6 To develop technologies that exploit these properties, it is essential that there is an effective and reliable method for identifying NDs that possess such N V − centres. Moreover for their application in quantum technologies, a complete characterisation of the individual or ensemble properties of the embedded colour centres is required.
To characterise fluorescent nanoparticles such as nanodiamonds, one can employ techniques such as NSOM, 7-10 AFM, 11 TEM, 12 confocal microscopy 13 or these tools in combination. 14 Regardless of the approach, it is important to correlate both the nanodiamond crystal and the fluorescent signature of any colour centre of interest in the same nanoparticle.
This ensures that fluorescence arises from the NDs themselves rather than single molecules or other surface contaminants on the glass substrate, as was the case in a recent retraction of a quantum dot study published in Nature. 15 Ideally this two-component characterisation is done rapidly using the same instrument to reduce ambiguity and the time taken to process the sample. However when working with NDs, direct optical detection of the crystals below 40 nm diameter remains difficult due to the extremely low absorption cross section of diamond, 16, 17 which prevents the use of particle detection techniques that rely on non-linear absorption effects or photo-thermal heating. Recently, a group from Cardiff University showed highly effective detection of large ND crystals through Coherent anti-Stokes Raman scattering, though the sensitivity of this process is limited to detecting NDs with radius > 27 nm at the reported illumination powers and integration times.
14 Motivated by this current limitation in the field, we apply our recently introduced technique, Interferometric Cross-Polarization Microscopy (ICPM), to the imaging of single ND's while simultaneously detecting the fluorescent signal from colour centres. In doing so, we demonstrate an all-optical approach for the characterisation of individual nanodiamond crystals containing N V − centres. Furthermore, we achieve these detection sensitivities while using low excitation powers (25 µW on the sample) using an inexpensive laser system, in contrast to techniques such as four wave mixing (FWM). 14 Operating at low powers enables the simultaneous detection of single molecule fluorescence; making the technique an attractive option for rapidly identifying and rejecting fluorescent signal not originating from nanocrystals of interest. Furthermore, this makes the technique applicable to less photostable fluorophores or potentially to the study of shallow N V − centres which can also exhibit bleaching.
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ICPM
19 is an interferometric, point-scanning, confocal-like detection method with an optical sectioning capability on par with conventional confocal microscopy. 20 Due to operating in a crossed polarized regime, the technique achieves detection sensitivities limited solely by the shot noise of the scattered signal and has demonstrated the detection of gold nanoparticles down to 5 nm at extremely low excitation powers( < 1 µW) demonstrating its sensitivity. 19, 21 Within the microscope, as schematically depicted in Fig. 1(a) , a coherent laser source is incident on a 50:50 beam splitter to generate a signal and reference branch. To enable heterodyne detection, the reference branch is frequency offset by a pair of acousto-optic modulators before passing through a half-wave plate and a Glan-Thompson Polarizer (GTP)
oriented to produce y-polarized light. The signal branch is polarized by a second GTP to produce x-polarized light and focused via an oil immersion, high numerical aperture (NA 
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To prepare the ND sample, a coverslip is cleaned and surface charged by a 10 minute 1:2 part Sulfuric-Nitric acid bath with two subsequent 10 minute baths in double deionised water. After diluting a solution of expected 20 nm diameter NDs, as purchased from Adámas Nanotechnologies, Inc., the NDs were drop deposited onto the coverslip and after waiting two minutes excess solution was removed by exposure to an N 2 stream. To test both our deposition procedure and the size distribution of the deposited nanoparticles the sample was imaged using AFM. A typical AFM image (3.5x2.5um area) is presented in figure 2 (a). This demonstrates a size different from that quoted by the manufacturer as we measure an mean height of 10 ± 2nm with a low spatial concentration of larger particles as supported by a histogram of peak particle heights for 108 particles, figure 2(b). The inter-particle distance observed is typically > 1 µm as achieved by choice of solution concentration, ensuring the sample is sufficiently monodisperse to allow single particles to be imaged under a diffraction limited approach. Figure 2: AFM image of prepared ND sample(a) reveals an mean particle height of 10nm ± 2nm over a sample of 108 particles(b). By adjusting the dilution an average inter-particle distance of 1 µm is achieved for optical imaging.
A similarly prepared sample was imaged on the ICPM using an excitation wavelength of 532 nm while simultaneously collecting fluorescence on an APD with a 640 nm long pass filter (LPF). A typical image of the scattered optical amplitude as a function of position is shown in Figure 3 (a) taken at 25 µW incident on the coverslip. The observed variation of peak intensities is consistent with the range of particle sizes observed under AFM as the scattered optical amplitude scales with D 3 in our approach. Here we clearly identify the characteristic four leaf clover scattering distribution associated with imaging under crossed polarization resulting from the field distribution in Fig. 1(c) . A similar inter-particle distance to the AFM data is observed, showing that it is indeed possible to detect 10 nm nanodiamond. For an incident polarization direction along the y-axis, figure 3(b) shows an example of the corresponding fluorescent image taken simultaneously to the scattering image in figure   3 (a). Here we see an elongated diffraction limited spot along the polarization direction in the fluorescent channel as expected from a strongly focused linearly polarized beam; Fig. 1(b) .
To probe the dipole-nature of the N V − centre, which should absorb optimally when aligned with the polarization direction, a second image was taken with the incident and reference polarization rotated by 90 degrees; In our current work we are mainly interested in demonstrating an effective optical correlation technique for nanoparticles, with N V − centres embedded in ND proving an excellent test-case. We can determine the relative fraction of nanodiamond that contain N V − centres, by measuring only two orthogonal excitation polarizations as we will discuss shortly. The dipole-like behaviour of an N V − centre may be described as a pair of degenerate orthogonal dipoles. 28 A rotated coordinate system (x , y , z ) (red) is defined relative to the laboratory frame (x, y, z) (black) in terms of Euler angles. For convenience, the two dipoles of an N V − centre are assigned with respect to (x , y , z ) such that ρ 1 = (1, 0, 0) and ρ 2 = (0, 1, 0).
To combine these data sets, we consider the two degenerate orthogonal dipoles ( ρ 1 , ρ 2 ) of an N V − centre in terms of Euler angles with respect to the laboratory frame following 
For linearly polarized excitation, the polarized field at the focus is predominantly parallel to the light entering the illumination objective. Assuming both dipoles interact equally with an electric field, 27,28 for x-polarized excitation the fluorescent signal, K, can be shown to scale as;
And for y-polarized excitation as;
This allows for retrieval of K(β), the fluorescence signal as a function of the projection of ρ 1 and ρ 2 onto the xy plane, by summing the peak fluorescence signatures from two orthogonal polarization images under equal excitation powers, E. The fluorescent signal from N N V − centres is returned by the summation over all centres, following;
To properly characterize the nanodiamonds, we collect a large statistical dataset by taking a series of images at 350 µW incident on the sample. This promotes bleaching of the observed background fluorophores in this specific sample and ensures sufficient excitation cycles of the N V − centre for a 2ms pixel integration time to enable a fast scan time and minimal drift (40 µm × 40 µm, 700 px × 700 px, 1.6s/line). In conclusion, we have demonstrated an all optical method to simultaneously resolve the scattering features of 10nm ± 2nm NDs and colocalise those with fluorescent signatures of N V − centres. We observed good sensitivity even at low excitation powers (25 µW) despite the traditional limitation of optical observation due to extremely small cross section of nanodiamond. Additionally, the dipole-like behaviour of N V − centres was observed by excitation under orthogonal incident polarizations. The ability to verify the presence of colour centres in individual particles is essential in the pursuit of using nanodiamonds in applications from quantum technologies to biological labelling.
